Interactions between birds and fish are often overlooked in aquatic ecosystems. We studied the influence of Atlantic salmon and brown trout on the breeding population size and reproductive output of the white-throated dipper in a Norwegian river.
| INTRODUC TI ON
In freshwater habitats, studies of predator and prey interactions are mainly focused on fish, amphibians, and invertebrates (Greenstreet & Tasker, 1996; Hildrew, 1992) . Although often overlooked in aquatic predator-prey systems, many birds feed on fish as well as aquatic invertebrates. These are mainly birds belonging to the orders of Podicipediformes and Anseriformes (waterfowl; del Hoyo, Elliot, & Sargatal, 1992) . Waterfowl actively compete with predatory fish for aquatic invertebrate prey and to some extent fish prey (Eadie & Keast, 1982; Kloskowski, 2011; LeBourdais, Ydenberg, & Esler, 2009; Strand, Chipps, Kahara, Higgins, & Vaa, 2008; Wagner & Hansson, 1998) . In addition, the dippers (Cinclus sp, five species worldwide), belonging to the order Passeriformes, feed on aquatic invertebrates and fish (Øigarden, 2014; Tyler & Ormerod, 1994) . American dippers C. mexicanus in Alaska enjoy increased reproductive performance on river reaches with spawning Pacific salmon (Onchorhynchus sp), due to birds foraging on eggs and juvenile salmon (Obermeyer, Hodgson, & Willson, 1999; Obermeyer, White, & Willson, 2006) . The proportion of fish in the diet of the white-throated dipper C. cinclus ( Figure 1; hereafter dipper) is, however, relatively small (Tyler & Ormerod, 1994 ), but might due to its larger body size contribute substantially to the overall prey intake. The dipper mainly forages in the same habitat as juvenile Atlantic salmon Salmo salar (hereafter salmon) and brown trout Salmo trutta (hereafter trout; Heggenes, Saltveit, Bird, & Grew, 2002) , all of whom prey on aquatic invertebrates. Indeed, the most important prey groups, mayfly (Ephemeroptera), and stonefly nymphs (Plecoptera) and caddies fly larvae (Trichoptera), are shared prey by salmonids and dippers (Aas, Klemetsen, Einum, & Skurdal, 2011; Klemetsen et al., 2003; Ormerod, Efteland, & Gabrielsen, 1987) . In this study, we focus on the potential for interspecific interactions in a system where the changed abiotic conditions might have disturbed the established ecological balance.
Acidic precipitation has severely affected freshwater resources in southern Scandinavia since the 1920s (Dahl, 1920; Muniz, 1990; Nybø, Staurnes, & Jerstad, 1997; Wright, 1983) . As a consequence, many rivers lost or partly lost biota that was not resistant to acidification (Muniz, 1990) . Salmon were locally extinct in 40-50 rivers and streams in southern Norway in the 1970s (Hesthagen, Larsen, & Fiske, 2011; Muniz, 1984) . Initiatives in the early 1980s with liming of lakes and rivers, in addition to reduced atmospheric deposition (Garmo, Skancke, & Høgåsen, 2013) , and subsequent restocking of salmon, led to recolonization of salmon in rivers where it formerly was extinct or much reduced (Hesthagen et al., 2011) .
Over time, the population size of salmon has increased in these rivers. Trout is less affected by acidification than salmon (Poléo et al., 1997) , and viable populations were retained in many locations where salmon became extinct (Hesthagen et al., 2011; Larsen, Hesthagen, Thorstad, & Diserud, 2015) . The dipper, along with many other bird species, underwent a period with thinning of eggshells and subsequent reduction in fitness (Muniz, 1990; Nybø et al., 1997; Øigarden & Linløkken, 2010; Ormerod, O'Halloran, Gribbin, & Tyler, 1991; Ormerod & Tyler, 1993) due to aluminum and heavy metal body accumulation (Nybø, Fjeld, Jerstad, & Nissen, 1996) , possible scarcity of calcium-rich prey , and alterations in the macroinvertebrate prey community (Buckton, Brewin, Lewis, Stevens, & Ormerod, 1998; Muniz, 1990; .
Breeding on acidic streams leads to reduced clutch sizes, delayed breeding, and reduced nestling growth compared to on circumneutral streams . However, climate has so far been the most important factor explaining fluctuations in population size in Scandinavia (Nilsson et al., 2011; Saether et al., 2000) .
The recovery of salmon populations after a period of extinction introduces the potential for renewed interactions with other vertebrates. One of these is the dipper, which in our study population was not as seriously affected by acidification as the salmonids. We hypothesize that the dipper might actually have been benefitted from relaxed interactive pressure from salmonids during the period when acidification lead to loss of the salmon population and a potential reduction in the trout population. Here, we investigate whether the abundance of juvenile salmonids influences the number of breeding dippers and their reproductive success in the River Lyngdalselva in southernmost Norway. The breeding population of dippers has been monitored annually since 1978, providing information on breeding attempts and breeding success of all dipper pairs in the system (Nilsson et al., 2011) . In Lyngdalselva, the salmon were probably extinct or nearly extinct, but the population started to recover in 1993, 2 years after liming was initiated (Hesthagen et al., 2011) . The trout population was probably not extinct as juvenile trout was observed when monitoring of the river started. We use long-term monitoring data on the density of juvenile salmonids at fixed monitoring stations to test the effect of salmonids on the dipper. These data are available both below and above the migratory barrier (the waterfall Kvåsfossen) that restricts anadromous salmonids to the lower reaches of the river. Given this barrier, the river provides us with a comparative setup (a natural experiment) where we compare dipper success below the salmonid migratory barrier as well as in the "control" reaches upstream the barrier. Data from below the barrier are also used in a before and after salmon recolonization comparison. Experimental and control reaches are by necessity located at F I G U R E 1 The white-throated dipper Cinclus cinclus. Photo by Geir Rune Løvestad different tributaries and altitudes set by the migratory barrier and limit the natural river system as a comparison. However, the substantial gap in research on fish-bird interactions and the rare opportunity of unique and complete bird and fish data collected over a long time in the same river system compensate for the limitations of "experimental" design.
| ME THODS

| Study species
The distribution of salmon and trout overlaps in large parts of Europe (Jonsson & Jonsson, 2011; Klemetsen et al., 2003) . Salmon is anadromous and spawns in freshwater during autumn (Aas et al., 2011) . Trout can also be anadromous, but freshwater resident populations are most common (Klemetsen et al., 2003) . Trout also spawns (Jonsson, Jonsson, Brodtkorb, & Ingebrigtsen, 2001) . Parr may metamorphose into smolt, which is a stage that is physiologically and morphologically preadapted to marine life. Following the smoltification, individuals migrate to sea during spring. The salmon returns to the native rivers after one or several winters at sea (Klemetsen et al., 2003; Thorstad, Whoriskey, Rikardsen, & Aarestrup, 2011) . The trout has a more variable marine life and may return to freshwater after some months or several years in coastal environments (Thorstad et al., 2016) . Both salmon and trout are iteroparous (can spawn several times during their lifetime). After spawning, the fish return to sea, either immediately or early next spring. The trout is a partial migrant, with some individuals (both males and females) completing the life cycle without migrating to the sea, whereas many make repeated migrations between the river and the sea during their life (Klemetsen et al., 2003) . Some salmon males also remain stationary in freshwater. Both salmon and trout are harvested in a recreational fishery that is strongly regulated. Above the waterfall that functions as a barrier to migration in Lyngdalselva, there is a population of freshwater resident trout.
The juvenile stages of salmon and trout use a wide range of habitats in rivers and streams, but the smaller fry are more restricted to areas with low water velocity (<0.1 m/s) and shallow depths (<20 cm) than the larger parr (Finstad, Armstrong, & Nislow, 2011; Heggenes et al., 2002) . Salmon and trout parr are territorial, and the availability of suitable territories will therefore limit the number of parr that a river can support (Elliott, 1994; Jonsson & Jonsson, 2011) . This leads to strong density dependence that determines the carrying capacity of the river. There is also potentially strong competition between salmon and trout (Armstrong, Kemp, Kennedy, Ladle, & Milner, 2003) .
The dipper is a common passerine bird in mountainous regions across the Palearctic. Its size is in the range of 50-70 g. Breeding is restricted to the immediate proximity of fast-flowing rapids in early spring. Dippers build a nest with an outer part and an inner part. The outer part can be used for several years, whereas the inner is rebuilt each year. The female lays up to 7 eggs, most commonly 5 eggs and incubate them after the clutch is fully laid. The eggs hatch after 17 days, and the nestlings remain in the nest for another 20 days until fledgling (Tyler & Ormerod, 1994) . Both parents feed the offspring, apart from in instances of polygyny where the female is providing most of the parental care. The dipper is dependent on open water for foraging and is therefore sensitive to temperatures and ice cover. Part of the population undertakes short migratory movements in autumn, while others remain on or close by the breeding grounds. Migrants from the study population have been recovered in southernmost Sweden, Denmark, Poland, and northern Germany.
| Study population and data
The study was conducted in the River Lyngdalselva in southernmost Norway (58°08′-58°40′N, 6°56′-7°20′E; Figure 2 ). Trout inhabits the whole river system, whereas the river is carrying The migratory salmonid-carrying part contains 17 of these breeding territories. This includes 12 territories with direct access to the salmon-carrying river as well as five territories with indirect access, where the territory is not located immediately on the salmoncarrying river, but as the neighboring territory upstream in a tributary. Access to the salmon-carrying main river is likely important for foraging success.
To investigate the effect of climate, we used mean annual winter temperature, defined as the average temperature during
December-February. Meteorological data during 1977-2014 was recorded by the observation stations at Konsmo-Eikeland (58°15′N, 7°19′E; 1978 -1989 , Konsmo-Haegeland (58°16′N, 7°18′E; 1990) ,
and Konsmo-Høyland (58°16′N, 7°22′E; 1993 -2014 This work has been carried out in accordance with Norwegian law and legal requirements, including those relating to conservation and animal welfare.
| Statistics
For the sake of simplicity, the dipper population in the salmoncarrying part of the river is hereafter shortened as "downstream dipper population" and in the nonsalmon-carrying part "upstream dipper population". Presented means are accompanied by standard deviations. All statistics were run in the program R, version 3.2.2 (R Core Team 2015), with add-on packages "glmmADMB" for generalized linear mixed models (Bolker, Skaug, Magnusson, & Nielsen, 2013) and "MuMIn" for model averaging (Barton, 2016) .
First, we explored the salmonid and dipper data for temporal trends with least-squares regression analysis. Thereafter, we tested for correlations between the estimated average density of the fry and parr in the downstream as well as upstream sections of the river, and (1) the dipper population size, and (2) the reproductive output the next spring, respectively.
We fitted generalized linear models with Poisson error distributions, to explain (1) the variation in the size of the downstream dipper population with the annual density of salmonid fry and parr, respectively. Furthermore, we used a similar approach to explain (2) the variation in the size of the upstream dipper population with the annual density of trout fry and parr. Because the dipper population is highly dependent on fluctuations in winter temperature (Nilsson et al., 2011) , we also included the mean annual winter temperature and the interaction between salmonid density and winter temperature among the predictors. In addition, we used model averaging and Relative variable Importance, RI, to evaluate the importance of the predictors. The number of variables, including interactions with winter temperature, was higher than in the other analyses, and we therefore only report the results from the model averaging process.
To investigate the ratio of failed versus successful breeding attempts, we used generalized linear models with binomial error distributions. In order to address (1) the temporal trend in reproductive output before and after salmon recolonized the river, and (2) the association between reproductive output and the density of salmonid fry and parr, we fitted generalized linear mixed models with Poisson and negative binomial error distributions, respectively. To account for the variation in the divergent occupancy rates of the 120 territories, territory was used as random effect. In the larger dataset addressing (1), we also accounted for the presence of individuals breeding more than once in the study system. Therefore, territory and individual were used as crossed random effects in the models.
| RE SULTS
The median downstream dipper population size was 10 breeding pairs (mean = 8.6 ± 3.9), and it fluctuated between 3 and 16 breeding pairs. In the upstream dipper population, the median number of breeding pairs was 49 (mean 53.4 ± 24.1) and it fluctuated between 19 and 98 breeding pairs. The density of salmon fry had an average of 27.3 fish per 100 m 2 river stretch (SD = 23.3), while the average of salmon parr was 7.2 fish (SD = 7.9; Appendix S2). For downstream trout fry and parr, the average density was 23.0 (SD = 14.1) and 4.3 fish (SD = 2.3) per 100 m 2 (Appendix S2), respectively, while the upstream trout fry and parr had an average density of 22.4 (SD = 17.2) and 6.1 fish (SD = 4.9; Appendix S2), respectively.
| Impacts on dipper population size
There was no temporal trend in the total size of the downstream and upstream dipper populations over the dipper study period 
| Impact on dipper reproductive output
In 
| D ISCUSS I ON
During the last decades, the number of breeding pairs and the reproductive success of dippers in the River Lyngdalselva have displayed strong annual fluctuations. At the same time, the density of juvenile salmon has increased. However, concomitant with the increase in juvenile salmon, there has been a decrease in juvenile trout in the river downstream the migratory barrier, probably due to negative competitive interactions with salmon (Armstrong et al., 2003; Hesthagen et al., 2017) . However, overall there has been a significant increase in total density of juvenile salmonids in the river. This might potentially have led to increased competition between salmon parr and dippers for invertebrate food. Despite this large increase in salmonid recruitment since its recolonization in 1993, from nonexistent to large numbers, there was no effect on the population size of downstream breeding dippers, perhaps because salmonids to a larger degree feed on drifting prey. Neither did the density of juvenile trout nor the total juvenile salmonid density affect the num- , 1978-1992 and 1993-2014 in River Lyngdalselva
Dipper predation on fish, particularly trout, is well documented, particularly in the British literature (Ormerod, 1985; Tyler & Ormerod, 1994) . There were no indications that juvenile salmonid density (salmon, trout or total juvenile density) affected the dipper reproductive output in this study population, neither downstream nor upstream the migratory barrier. This is contrary to the situation in the closely related American dipper, where the presence of salmon had a positive effect on the breeding (Obermeyer et al., 2006) . However, that study was conducted in Alaska, where semelparous Pacific salmon species are strongly influencing the freshwater and surrounding terrestrial ecosystems (Willson & Halupka, 1995) . Interestingly, the effect of salmon seemed to be stronger on later stages of the American dipper breeding cycle, because nestlings on salmon reaches were heavier than nestlings on nonsalmon reaches while there was no difference in clutch size (Obermeyer et al., 2006) . Also, observe that most fish were eaten by the (white-throated) dipper during winter, which might explain why juvenile trout affects the size of the breeding population but not the reproductive output.
Because of the complexity of our study system and the relative inaccessibility of the nest sites, it is not possible to measure the effect of salmonids on the nestling body condition in the present study.
The positive effect of salmon on the dipper in Alaska is probably due to the large number of eggs deposited and their nutrient inputs from rotting carcasses of dead spawners, providing a large energetic subsidy to the local fauna.
In this study, we did not measure abundances of the dipper and salmonid prey source, the freshwater invertebrate fauna. The longterm data this study is based on are collected for other purposes and not designed for studying the interactions between competitors or food sources. We would thus need long-term invertebrate monitoring data. There is an established monitoring program for benthic fauna in Lyngdalselva, but the data are sporadic in the beginning of our time series (Schartau, Hindar, & Hellen, 2015; Walseng & Bongard, 2001 ). However, there are indications of increased invertebrate (Ephemeroptera, Trichoptera and Plecoptera) abundances and species composition after liming in conjunction with salmon recolonizing the river (unpublished data). Further, studies of obligate aquatic predators and benthic prey abundances have failed to show an effect of the predator on the prey in about half of the cases (Dahl & Greenberg, 1996) . Salmon and trout are both drift and benthic feeders, while the dipper is a benthic feeder. When the number of fish is manipulated, for example trout, fish do not have a major impact on benthic abundances in running waters, which can be interpreted as salmonids do not impact the benthic community structure of macroinvertebrates in running waters (Allan, 1982a,b; Reice, 1982) . Finally, the behavior and activity of some of the prey species are hypothesized to change in the presence of a predator, which leads to reduced availability for predators as well as researchers wanting to monitor prey (Dahl & Greenberg, 1996; Nystrom, Mcintosh, & Winterbourn, 2003) .
The positive trend in the downstream dipper population before salmon recolonized the river was likely due to a series of harsh winters in the beginning of the study period followed by milder winters in the beginning of the 1990s (Nilsson et al., 2011) (Walseng & Bongard, 2001) . The higher success rate downstream compared to upstream might be an effect of the presence of more marginal territories upstream, in addition to a lasting effect of acid precipitation above lime dispensers.
In conclusion, despite a large dependence on the abiotic conditions, the dipper seems to be positively affected by the biotic interactions with resident trout.
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